or membrane association of the COPI subunit cCOP 4, 14 , suggesting that a BFA-resistant ARF-GEF mediates this process. Evident candidates are the two closest homologues of GNOM. We decided to focus on ubiquitously expressed GNOM-LIKE1 (GNL1) because GNL2 seems to be pollen-specific 15 ( Supplementary Fig. 2 ). To identify the endomembrane compartment at which GNL1 acts, we generated plants expressing functional GNL1-Myc or GNL1-YFP (yellow fluorescent protein). GNL1 was localized relative to compartment-specific markers ( Fig. 1; Supplementary Table 1 ). GNL1 partially co-localized with the Golgi marker cCOP 16 but did not, or only marginally so, with the trans-Golgi network (TGN) marker VHA-a1-GFP 17 , which was consistent with the immunogold-localization of GNL1 ( Fig. 1b-h; Supplementary Fig. 3f ). In contrast, GNL1 did not co-localize with ARA7-GFP labelling endosomes/pre-vacuolar compartments 18, 19 nor the endocytic tracer FM4-64 (ref. 4) (Fig. 1i-n) . These results suggest a role for GNL1 in Golgi-related trafficking.
BFA treatment of Arabidopsis seedlings causes aggregation of endosomal membrane vesicles (so-called BFA compartments), to which GNOM has been localized 4, 14 . Predominantly at the periphery of BFA compartments, GNL1 partially co-localized with the Golgi markers cCOP and N-ST-YFP 20 , and also overlapped with VHA-a1-GFP and FM4-64 ( Fig. 2a-d ; Supplementary Fig. 4 ). To conditionally inactivate GNL1 by BFA treatment, we introduced an engineered BFA-sensitive GNL1 into a gnl1 knockout background. This switch to BFA-sensitivity of GNL1 caused a dramatic change in BFA effects. We now observed a release of cCOP into the cytosol and a block in ER-Golgi traffic, as highlighted by the accumulation of the Golgi marker N-ST-YFP in the ER as well as the fusion of Golgi stacks with the ER (Figs 2g, h and 3c, d; Supplementary Fig. 3 ). Consistently, BFA-sensitive GNL1 localized to the ER but also co-localized with FM4-64 in BFA compartments ( Fig. 2f; Supplementary Fig. 5 ; see Supplementary Fig. 3g and h for immunogold localization of GNL1-YFP). This indicates that GNL1 activity is required for the integrity of Golgi stacks and for COPI-coated vesicle formation. To analyse whether GNL1 might also have another role in trafficking, we studied the membrane association of another major vesicle coat protein, clathrin ( Supplementary Fig. 6 ). In contrast to cCOP, however, clathrin was not released into the cytosol by BFA treatment of BFA-sensitive GNL1, which is consistent with the localization of GNL1 and clathrin to adjacent but distinct compartments (Supplementary Fig. 6a-c, g-i) . As a consequence of blocking anterograde traffic of newly synthesized proteins from the ER to the Golgi, the TGN marker VHA-a1-GFP also accumulated at the ER (Fig. 2i) . Thus, GNL1 is a major regulator of ER-Golgi trafficking and protein secretion.
If GNL1 has such an important role in membrane traffic one would expect inactivation of the GNL1 gene to be lethal. We identified a T-DNA insertion knockout line for GNL1 (Supplementary Fig. 7a) . Surprisingly, the gnl1 mutant plants were viable and fertilealthough short and bushy-and pollen competitiveness was reduced to 76% (Fig. 3i) . Another strong allele, gnl1-2, isolated as a secretion mutant, showed a very similar phenotype (ref. 21; our unpublished observations). These results indicate that GNL1 is not essential. Consistently, gnl1 mutant cells displayed slightly abnormal Golgi stacks with cisternae laterally expanded by approximately 35% ( Fig LETTERS that another, BFA-sensitive ARF-GEF is also involved in ER-Golgi trafficking ( Fig. 3c, d; Supplementary Fig. 3e ). One candidate would be GNOM, although GNOM is involved in endosomal recycling 4 . In addition, gnom mutant embryo cells did not display major Golgi abnormalities ( Supplementary Fig. 3c ) and GNOM did not colocalize with GNL1 (Fig. 3e) . However, when both ARF-GEFs were rendered either BFA-resistant or BFA-sensitive they co-localized partially or completely, respectively, after BFA treatment (Fig. 3f, g ). In addition, the BFA-resistant form of both ARF-GEFs also co-localized partially with cCOP, suggesting the additional presence of GNOM protein at Golgi stacks (Figs 3h and 2b) . To determine whether GNOM can substitute for GNL1 function, we analysed the localization of cCOP and N-ST-YFP in BFA-treated BFA-sensitive GNL1, gnl1 mutant plants expressing engineered BFA-resistant GNOM (Fig. 2e, j) . Surprisingly, the wild-type localization of the two markers was restored, although the BFA sensitivity of the two ARF-GEFs was reversed, indicating that BFA-resistant GNOM could compensate for the inactivation of BFA-sensitive GNL1 (Fig. 2e, j , compare with Fig. 2b, g and 2c, h, respectively) . Thus, although GNOM might play only a minor part in ER-Golgi trafficking, it can take over the Golgi function of GNL1.
We also tested whether GNL1 can replace GNOM in the PIN1 endosomal recycling required for polar localization of PIN1 at the plasma membrane 4 ( Fig. 4a-d) . Polar targeting of PIN1 to the plasma membrane was only observed in BFA-treated seedlings when GNOM was BFA-resistant, regardless of BFA resistance or sensitivity of GNL1 (Fig. 4b, d ). Thus, GNL1 has no obvious role in endosomal recycling. Interestingly, the BFA compartments were very small when both GNL1 and GNOM were BFA-sensitive, but attained their normal size when one or the other ARF-GEF was BFA-resistant. This suggests that BFA compartments are formed from both GNL1-dependent secretory and endocytic membrane material, although we cannot rule out a minor contribution of GNL1 to PIN1 recycling (compare Fig. 4c  with 4a, d) .
The capacity of GNOM to replace GNL1 cellular function could account for the observed, weak gnl1 mutant phenotypes (Fig. 3i) . Indeed, gnl1 gnom double mutants lacking both ARF-GEF activities were gametophytic lethal (Supplementary Table 2 ). This indicates that both ARF-GEFs are functionally redundant and that their double knockout affects some fundamental cellular function that leads to lethality even before fertilisation. Interestingly, other allele combinations with reduced ARF-GEF activity were also lethal, suggesting that the combined level of activity is critical (Supplementary Table 2 ). To determine their requirements in diploid somatic cells, both GNL1 and GNOM were simultaneously downregulated by RNA interference (RNAi) expression ( Supplementary Fig. 7b, c) . The RNAi(GNL1, GN) expressing seedlings eventually died after 10-12 days of growth (Fig. 3j) . Their ultrastructural analysis revealed abnormalities of the Golgi stacks, supporting our notion that ERGolgi trafficking requires ARF-GEF function provided by both GNL1 and GNOM (Supplementary Fig. 3b ).
To examine whether there are additional non-overlapping functions of GNL1 and GNOM, we performed promoter swaps and analysed the chimaeric genes for their ability to replace the two mutated genes. Surprisingly, GNL1-GNOM was able to rescue both gnom and gnl1 mutants, whereas GNOM-GNL1 only rescued gnl1 but not gnom mutants ( Fig. 4e; Supplementary Fig. 8a-c) . Thus, GNOM and GNL1 share one common, essential function in ER-Golgi trafficking, whereas only GNOM has another, unique essential function in endosomal recycling.
We then used BFA to determine the relative contributions of GNL1 and GNOM in different BFA-sensitive developmental processes such as seed germination, primary root growth, lateral root initiation and root gravitropism. The two ARF-GEFs acted interchangeably in seed germination ( Supplementary Fig. 9 ). Unexpectedly, expression of either BFA-resistant ARF-GEF, GNL1 or GNOM, was sufficient to sustain root growth at half the rate of roots expressing both BFA-resistant ARF-GEFs, indicating that primary root growth requires both GNL1 and GNOM function (Fig. 4f, left) . In contrast, both lateral root initiation and root gravitropism were dependent on BFA-resistant GNOM, whereas BFA sensitivity or resistance of GNL1 had no effect of its own ( Fig. 4f, right; 4g ). This requirement for GNOM-specific ARF-GEF function is related to its role in endosomal recycling of PIN1 (ref. 4, 22) .
Our results offer a surprising explanation for why ARF-GEFs of the GBF1 clade act in different trafficking pathways in plants than in mammals or yeast. There are two closely related ARF-GEFs, GNL1 and GNOM, that share the ancestral Golgi-associated function of GBF1-type ARF-GEFs in Arabidopsis and probably in other flowering plants as well (Supplementary Fig. 1 ). This was not noticed before because, unlike in mammals, there was no BFA effect on the localization of cCOP in wild-type Arabidopsis, although GNOM is BFA-sensitive 4, 14 . In contrast, a rapid effect of BFA on the Golgi morphology and the localization of cCOP was described for tobacco BY-2 cells 23 , suggesting that the tobacco GNL1 orthologue is BFAsensitive. Indeed, we found a BFA-sensitive signature for the rice putative orthologue of GNL1 (Supplementary Fig. 10 ). Our data imply that the Golgi-localized ARF-GEF function is ancestral and conserved among eukaryotes, although the plant lineage has apparently undergone gene duplication such that two closely related ARFGEFs perform the GBF1-equivalent function. GNOM acquired an additional specific function in endosomal recycling of plasma membrane proteins that is not shared by GNL1. Unlike plants, animals have evolved new classes of small or medium-sized ARF-GEFs named cytohesin, EFA and BRAG, which are involved in endosomal trafficking 5 . In addition, a member of the BIG class of large ARF-GEFs named BIG2 acts not only at the TGN, like its close relative BIG1, but also at recycling endosomes 24 . Thus, the elaboration of post-Golgi trafficking seems to have evolved independently in the two major multicellular lineages, whereas the regulation by ARF-GEF of ERGolgi traffic was already in place in unicellular eukaryotes.
METHODS SUMMARY
Molecular biology. For expression of tagged GNL1, a complementing genomic fragment was transformed into gnl1 mutants, and BFA sensitivity was engineered by replacing methionine with leucine in the SEC7 domain. For RNAi(GN, GNL1) analysis, fragments of GNL1 and GN coding sequence in tandem in sense and antisense direction were introduced into a two-component vector for expression by RPS5A-GAL4 activator 25 . Transcript levels were analysed by RT-PCR. Promoter swaps involved 2-kb promoter fragments and were introduced into gnl1 and emb30-1 (ref. 
